Torres, Olga, Procacci, Barbara orcid.org/0000-0001-7044-0560, Halse, Meghan E. orcid.org/0000-0002-3605-5551 et al. (7 more ABSTRACT: We report pump−probe experiments employing laser-synchronized reactions of para-hydrogen (para-H 2 ) with transition metal dihydride complexes in conjunction with nuclear magnetic resonance (NMR) detection. The pump−probe experiment consists of a single nanosecond laser pump pulse followed, after a precisely defined delay, by a single radio frequency (rf) probe pulse. Laser irradiation eliminates H 2 from either Ru-(PPh 3 ) 3 (CO)(H) 2 1 or cis-Ru(dppe) 2 (H) 2 2 in C 6 D 6 solution. Reaction with para-H 2 then regenerates 1 and 2 in a well-defined nuclear spin state. The rf probe pulse produces a high-resolution, single-scan 1 H NMR spectrum that can be recorded after a pump− probe delay of just 10 μs. The evolution of the spectra can be followed as the pump−probe delay is increased by micro-or millisecond increments. Due to the sensitivity of this para-H 2 experiment, the resulting NMR spectra can have hydride signal-tonoise ratios exceeding 750:1. The spectra of 1 oscillate in amplitude with frequency 1101 ± 3 Hz, the chemical shift difference between the chemically inequivalent hydrides. The corresponding hydride signals of 2 oscillate with frequency 83 ± 5 Hz, which matches the difference between couplings of the hydrides to the equatorial 31 P nuclei. We use the product operator formalism to show that this oscillatory behavior arises from a magnetic coherence in the plane orthogonal to the magnetic field that is generated by use of the laser pulse without rf initialization. In addition, we demonstrate how chemical shift imaging can differentiate the region of laser irradiation thereby distinguishing between thermal and photochemical reactivity within the NMR tube.
INTRODUCTION
Dynamic nuclear magnetic resonance (NMR) spectroscopy has numerous applications for studying chemical exchange phenomena in the steady state. 1 The exchange information is present in the free induction decay (FID), which is recorded for several hundred milliseconds .T h ee x c h a n g et i m es c a l e accessible to line shape analysis is typically determined by the frequency difference between exchanging nuclei. Alternatively, exchange spectroscopy (EXSY) experiments are used for probing slower dynamic exchange, where the accessible time scales are determined by relaxation. 2 In practice, the need for good signal-to-noise ratios for accurate measurements plays a dominant role in determining the processes that can be followed. NMR spectroscopy can also be used to follow much slower reactions as they evolve, through a series of measurements at different times. Recently, flow methods, analogous to stopped-flow UV, have been introduced, which access faster time scales. 3, 4 In contrast, numerous pump−probe methods have been employed to study kinetics on much shorter time scales with the fast detection techniques of UV/vis absorption and emission, 5, 6 IR, 7 and Raman spectroscopies. 8−10 In principle, NMR spectroscopy could be used in time-resolved pump− probe measurements if its sensitivity can be enhanced; laser pump−probe NMR spectroscopy might be expected to become a powerful tool given the complementary structural information on an NMR spectrum. Inspired by research on in situ laser photolysis and our experiments with para-hydrogen (para-H 2 ) hyperpolarization of NMR, 11−13 we have developed a timeresolved spectroscopy method using laser initiation and NMR detection and illustrate it for pump−probe delays as short as 10 μs.
In a standard NMR experiment, it is the Zeeman effect and the associated Boltzmann statistics that generate a bulk magnetic order. The magnitude of this bulk magnetization depends on a very small population difference and so gives rise to a weak NMR signal. This signal is detected following a radio frequency (rf) excitation pulse, which interacts with the bulk magnetization to produce a coherence in the plane orthogonal to the main magnetic field, which is then detected in the form of the FID. In the 14.1 T (600 MHz) magnetic field used here, the Zeeman effect produces a difference in nuclear-spin-state populations that is 1 for every 21300 1 H nuclei present. Several hyperpolarization methods have been designed to improve the sensitivity of NMR by perturbing this population difference.
Some notable examples include optical pumping of noble gases, 14−16 dynamic nuclear polarization, 17, 18 and photochemically induced dynamic nuclear polarization (photo-CIDNP). 19−21 In the photo-CIDNP method, a spin-correlated radical pair is used to generate NMR signal enhancements on the order of 10 2 . The photo-CIDNP approach has been used to observe short-lived radicals and to monitor reactivity on millisecond to second time scales. 22−25 In 1976, Ernst demonstrated that magnetic oscillations due to a chemically induced magnetic coherence can be observed if CIDNP is initiated coherently on a very short time scale. 26 A related chemically initiated magnetic coherence is exploited here in our time-resolved NMR spectroscopy method to give rise to NMR signal enhancements of several orders of magnitude that build up on microsecond time scales. In our method, we use the long-lived and readily prepared para-H 2 molecule, rather than a radical, as the source of hyperpolarization, creating the potential for high-sensitivity measurements. 27, 28 para-Hydrogen (para-H 2 ) is a reactive molecule in which the nuclear spins are aligned antiparallel as the linear combination αβ−βα and hence they exist in a pure singlet state. Upon reaction with para-H 2 , products with nonequilibrium states give rise to highly enhanced NMR signals that have been used to probe chemical reactivity in many different ways. Bowers and Weitekamp were the first to recognize the potential for NMR hyperpolarization using para-H 2 . In 1986, they predicted that if para-H 2 were used in a hydrogenation reaction, reaction products with a spin polarization on the order of unity could be created. 29 They later confirmed, experimentally, that under conditions where the symmetry of the molecular para-H 2 was broken through its transformation into chemically distinct proton environments in a product, signal enhancements in 1 H NMR spectra did indeed result. 30 Subsequently they refined their approach to differentiate chemical transformations that proceed in a strong magnetic field (parahydrogen and synthesis allow dramatically enhanced nuclear alignment, PASADENA) 30 from those proceeding in a low magnetic field prior to NMR detection in a strong magnetic field (adiabatic longitudinal transport after dissociation engenders net alignment, ALTA-DENA). 31 The term PHIP (para-hydrogen induced polarization) has also been used in the literature to describe these effects more generally. 32 Previous applications of PHIP have included detection of reaction products containing para-H 2 -derived protons in catalytic studies and in vivo. 27,33−39 Refinements of these methods called one-proton PHIP and signal amplification by reversible exchange (SABRE) have also been described. 33, 35, 40 para-Hydrogen hyperpolarization is most commonly described in the literature through the use of energy level versus population diagrams 41 with others favoring product operator notation. 42, 43 It follows from the former description that when two new inequivalent proton environments (I and S) are created from para-H 2 in a reaction product they yield enhanced antiphase NMR signals because the resulting energy level overpopulations reflect para-H 2 's original αβ spin orientation ( Figure 1a) . The product operator representation of the initial state in such a product is the singlet: − 1 / 2 (2I x S x +2 I y S y + 2I z S z ), which is made up of a zero quantum coherence (ZQ x = 1 / 2 (2I x S x +2 I y S y )) and the longitudinal two-spin-order term, 1 / 2 (2I z S z ). 43, 44 It is interesting to note that organic systems have been prepared in related states by Levitt, Bodenhausen, and Warren without laser synchronization and have potential applications because they can be long-lived.
45−49 Indeed, such long-lived states can also be generated by PHIP in symmetric organic molecules as shown recently.
50,51
In a conventional high-field para-H 2 -enhanced experiment, 30 the addition of para-H 2 occurs asynchronously, and the reaction time is long on the NMR time scale. Therefore, the amplitude of the ZQ x coherence (and any associated terms) averages to zero (in the high field limit) and so the only observed transitions arise as a result of the longitudinal twospin order term ( Figure 1a ). We seek here to probe the evolution of the para-H 2 -derived magnetization in a new and efficient way, such that the enhanced signals can be monitored on microsecond time scales. To achieve this goal, we first need to prepare a well-defined starting state. We do this by using a laser pump pulse to initiate a reaction with para-H 2 photochemically ( Figure 2a ). Specifically, we use the lightinduced electronic excitation of a transition metal complex to achieve prompt ligand dissociation. In fact, loss of H 2 occurs during the single 10 ns laser pulse, and para-H 2 therefore reacts with the unsaturated reaction intermediate in a time-precise and highly reproducible manner ( Figure 3 ). We also need to consider carefully the behavior of the ZQ x coherence, which is now created synchronously and subsequently evolves into ZQ y (Figure 1b ) during the pump−probe delay according to the chemical shift and J-coupling differences between the I and S proton environments (as demonstrated in section 2.2). This method is so reproducible that a series of measurements associated with a 2D-experiment can be collected. We follow the evolution of these magnetic states, the zero-quantum coherences, through the application of a probe NMR pulse (Figure 2b ). Thereby, we collect diagnostic information about the product and, indirectly, learn about the reactivity of the intermediate from which the product is formed. This differs from previous work where continuous irradiation in an NMR probe at low temperature has been used to build up the concentration of highly reactive species in order to enable their characterization; photoproducts such as alkane complexes reflect notable examples of this method. 12, 52, 53 The continuous irradiation approach has also been used with para-H 2 to observe new species. 54−56 In the studies reported here, only a short section of the sample tube within the NMR detection coil is irradiated (Figure  2a ), 11 and a further, longer section of the active volume of the coil is therefore unaffected by the laser beam. In a further technical development, we use this selectivity to differentiate the region of the NMR tube where the photochemical reaction occurs by making use of the NMR probe's gradient coil to perform chemical-shift imaging. In this case, we show that the enhanced signal is derived exclusively from the short irradiated region of the tube and hence demonstrate that thermal and photochemical activity can be distinguished.
Two types of ruthenium dihydride complex are used in this study: Ru(PPh 3 ) 3 (CO)(H) 2 (1) and cis-Ru(dppe) 2 (H) 2 (2) ( Figure 3 ). They both undergo photochemical loss of H 2 on a picosecond time scale to generate Ru(CO)(PPh 3 ) 3 and Ru(dppe) 2 (dppe = Ph 2 PCH 2 CH 2 PPh 2 ), respectively, before being reformed by reaction with hydrogen. 57−60 The kinetics of reaction of these intermediates with H 2 have been determined previously by time-resolved absorption spectroscopy; the time constants for recombination under 3 atm H 2 (as used here) are 1.4 and 4.8 μs, respectively. Consequently, >99.99% of the photoproducts have reacted with para-H 2 just 0.1 ms after the initial laser pulse, which makes them ideal candidates for this study. 57, 58 2. RESULTS 2.1. Laser Pump−NMR Probe Experiments. In our NMR pump−probe experiments, a single 10 ns laser pulse at 355 nm is followed by a precisely defined pump−probe delay, τ, and a single rf pulse (Figure 2b ). The resultant free induction decay (FID) is collected over a period of 350 ms, in exactly the same way as for a traditional NMR experiment. In this study, the reaction products were stable on this time scale. The result is a high-resolution 1 H NMR spectrum that also encodes the evolution of any para-H 2 -derived magnetic states during the pump−probe delay. In these studies, the sample consists of an optically dilute C 6 D 6 solution of either 1 or 2.I n1, the two protons originating from para-H 2 are placed in chemically distinct hydride environments, while in 2 they are created chemically equivalent but magnetically inequivalent by virtue of phosphorus couplings. This is exemplified by the corresponding 1 H{ 31 P} pump−probe NMR spectra of 1 and 2 that are generated under para-H 2 shown in Figure 4 It is possible to use chemical-shift imaging to correlate the vertical position within the sample tube to the chemical-shift encoded molecular response. This method uses an incremented magnetic field gradient, applied along the z axis, to encode spatial position into the NMR signal. When undertaken in conjunction with photolysis, we can map the PHIP-derived signal enhancement onto this displacement axis. The spatially resolved NMR spectrum collected in this way is shown in Figure 5 . It reveals that the hyperpolarized NMR signals for 2 are localized within a 3.2 mm region of the NMR tube. This measurement clearly highlights the region where UV-excitation takes place and therefore allows for the spatial differentiation of thermal and photochemical reactivity. In this case, 2 does not undergo thermal exchange with para-H 2 at 298 K, so there is no observed hyperpolarization of the hydride resonances outside of the laser-irradiated region of the NMR tube. Consequently, we can clearly state that the hydride signals we detect using the laser pump−NMR probe approach are all the result of the photochemical step.
The evolution of the photochemically generated NMR signals for 1 and 2 was investigated as a function of the pump− probe delay. A time sequence was recorded by measuring a series of 1 H{ 31 P} pump−probe NMR spectra for different values of τ, each employing one laser pulse and one rf pulse as shown in Figure 2b . This series of spectra encodes the evolution of the magnetic states that takes place during the pump−probe delay into the hydride signal intensity and can be readily interpreted by either looking at each spectrum in turn or following the change in integrated signal intensity of the hydride resonances. Using the latter approach, we find that the This change in signal amplitude can be readily understood if we consider the effect of the 90°rf pulse, which rotates 2I z S z and ZQ x into unobservable zero-quantum and double-quantum terms while rotating ZQ y (Figure 1b) into observable singlequantum terms (see section 2.2). The observed oscillation in hydride signal amplitude as a function of τ is therefore due to the periodic evolution that connects the initial ZQ x state to the ZQ y state, which proceeds under the influence of the difference in chemical shifts between the two hydrides or the difference in J coupling between the hydrides and a third nucleus (see section 2.2). We emphasize that even though the initial x−y coherence is created chemically, rather than with a radio frequency pulse, it still leads to a diagnostic signal in this experiment. A fit of this NMR signal to an exponentially decaying sine wave yields a frequency of 1101 ± 3 Hz (Figure  6b ), in good agreement with the chemical shift difference, 1098 Hz, observed in the thermally polarized NMR spectrum of 1.
In a classic 2D NMR experiment, a magnetic coherence is first created; next it is allowed to evolve during a variable delay before it is ultimately recorded as a free induction decay (FID). Fourier transformation then produces a 2D spectrum where the second dimension displays the information encoded during the evolution period. Here we used the same procedure to obtain 2D pump−probe NMR spectra, where the photochemically created magnetic coherence is also prepared with phase coherence. This is allowed to evolve during a variable pump− probe delay, τ, and is then recorded as an FID following a 90°rf pulse. This 2D approach is made possible by the reproducibility of the laser pump step and the synchronization with the NMR probe step. Figure 6c presents a 2D 1 H pump−probe NMR spectrum of 1 acquired by varying τ from 0 to 14 ms in steps of 0.35 ms. In this spectrum, which was acquired without 31 P decoupling, we observe peaks at ±Δδ = 1103 ± 3 Hz due to the evolution between ZQ x and ZQ y under the influence of the difference in hydride chemical shift. An additional splitting occurs due to evolution under the influence of the difference in J coupling between the hydride ligands and the equatorial phosphorus nucleus, |J(PH) trans − J(PH) cis | =88± 5 Hz (89 Hz in the 1D spectrum).
The related complex cis-Ru(dppe) 2 (H) 2 (2) (Figure 3 ) is more complicated than 1 having chemically equivalent but magnetically inequivalent hydride ligands (AA′) that form an AA′XX′Y 2 spin system; X and Y are equatorial and axial 31 P nuclei, respectively. Normally, the hydride ligands of 2 yield a complex 36-component multiplet (Figure 7a ) at δ −8.33 that simplifies to a pseudo-doublet separated by |J(PH) trans + J(PH) cis | = 53 Hz upon decoupling Y (Figure 7b) . 61 When this complex is monitored by pump−probe NMR spectroscopy with para-H 2 , both its hydride and equatorial 31 P signals (X) are observed to be hyperpolarized. Strikingly, the hydride signal now appears as a deceptively simple antiphase doublet of triplets due to the enhanced intensity of a subset of the 36 expected transitions (Figure 7c ). The enhanced transitions reflect those nuclear spin states that are overpopulated by the The hydride signals of 2 also oscillate in amplitude as the pump−probe delay τ is varied ( Figure S4 , Supporting Information). The resulting 2D 1 Hp u m p −probe NMR spectrum of 2 (Figure 8a ) reveals that this oscillation now has frequency ±83 ± 5 Hz and matches the difference between the cis and trans J couplings of the hydrides to the equatorial 31 P nuclei (|J(PH) trans − J(PH) cis |). Hence the hydride− phosphorus couplings of 2 play an analogous role to the hydride chemical shift difference in 1 in causing evolution of the ZQ x term. In addition to this 1 H hyperpolarization, the equatorial 31 P nuclei (δ 65.7) of 2 become hyperpolarized, as shown by the 2D 31 P pump−probe spectrum in Figure 8b , which was acquired with 90°rf excitation and subsequent detection on the phosphorus channel. The axial phosphorus nuclei (δ 79.6) are, however, not hyperpolarized under these conditions because the difference in their couplings to the hydrides (J(P ax H A ) − J(P ax H B )) is effectively zero.
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In these NMR pump−probe experiments, the photodissociation of the two hydride ligands occurs within the laser pulse. 57 Hydrogen readdition from the para-H 2 reservoir (3 atm) then occurs following the laser pulse, on a time scale of a few microseconds.
57,58 Therefore, the para-H 2 -derived 1 H nuclei initially retain their relative spin orientations and can be described by the singlet state: − 1 / 2 (2I z S z +2I x S x +2I y S y ). 11 It is noteworthy that, unlike more conventional PASADENA para-H 2 experiments where only the longitudinal two-spin order term, 2I z S z , is preserved, here we benefit from the survival of the zero-quantum term, ZQ x = 1 / 2 (2I x S x +2 I y S y ). This is a consequence both of the coherent way in which we initiate the readdition step and the reaction rate, which is fast relative to the evolution of the ZQ x coherence. If the hydrides are chemically inequivalent (δν ≠ 0), this ZQ x term evolves during the pump−probe delay (τ) into a ZQ y coherence: ZQ y = 1 / 2 (2I y S x − 2I x S y ), under the application of the operator (2πδνt) 1 / 2 (I z − S z ), as demonstrated by eq 1. 43 Similarly, a difference between the J couplings of the two hydrides (I and S) to a third nucleus, T,( J IT − J ST ≠ 0) will result in the evolution of ZQ x into 2ZQ y T z under the influence of the operator ((π/2)(J IT − J ST )τ)2(I z − S z )T z , as shown by eq 2. These evolutions serve two important functions in the pump− probe experiment. First, the evolution of ZQ x into ZQ y produces a detectable magnetic state from the initial NMRsilent singlet state. Second, the evolution frequencies encode important diagnositc information into the NMR response.
At the end of the τ evolution period, prior to the application of the rf pulse, the state of the system will contain contributions from the longitudinal two-spin-order term as well as the zeroquantum coherence terms: ZQ x and ZQ y . Upon application of a broadband (i.e., nonselective) pulse, which rotates both of the 1 H nuclei by an angle, θ, all of these terms will give rise to NMR-observable magnetic states according to eq 3 (singlequantum states only). First, we note that the ZQ x and longitudinal two-spin-order terms give rise to the same single-quantum states but with opposite signs. This means that observable NMR signal can only be obtained from these terms if their amplitudes differ and θ ≠ 90°. Second, inspection of eq 3 shows that a 90°pulse will in fact generate observable signal exclusively from the ZQ y coherence, while other pulse rotation angles, such as 45°, can be used to detect contributions from the other states, particularly the longitudinal two-spin-order term (2I z S z ). All of the spectra reported here were measured with a 90°pulse and so show exclusively the evolution of ZQ y during τ. This contrasts with a traditional PHIP experiment, where a 45°pulse is used because only the longitudinal two-spin-order term, 2I z S z , is present, and it produces the maximum detectable response. 30 The oscillation observed in the 1 H{ 31 P} spectra of 1 ( Figure  6b ) is completely described by eq 1. The 2D 1 H pump−probe spectrum of 1 in Figure 6c can be understood through the application of both eqs 1 and 2 to the initial ZQ x state. Because the longitudinal two-spin-order term does not evolve during the pump−probe delay and is not observed with a 90°rf pulse, it is not considered further in this discussion. For the case of chemically inequivalent hydrides, the evolution due to the chemical shift and J coupling terms can be considered sequentially. As the pump−probe delay is changed, eq 1 shows that there will be a sinusoidal oscillation in the amplitude of the probed ZQ y state, where the oscillation frequency is equal to the chemical-shift difference (δν = 1098 Hz in 1). In a 2D spectrum, this will correspond to peaks at ±δν in the indirect (τ) evolution dimension. According to eq 2, there will be an additional oscillation due to the difference in the trans and cis J couplings between the hydrides and the in-plane phosphorus nucleus, ΔJ = |J(PH) trans − J(PH) cis | = 89 Hz. This oscillation will produce a further splitting in the indirect (τ) evolution dimension of the 2D spectrum with peaks at δν + 1 / 2 ΔJ and δν − 1 / 2 ΔJ. This is precisely what is observed in Figure 6c . 62 In addition, the form of the hyperpolarized 1 H NMR spectrum in the direct dimension can be interpreted in a straightforward way. Each hydride gives rise to an antiphase doublet of triplets, where the antiphase splitting is equal to the homonuclear hydride−hydride coupling, the doublet splitting is equal to the equatorial 31 P− 1 H coupling, and the triplet splitting is equal to the axial 31 P− 1 H coupling. In complex 2, the hydrides are chemically equivalent but magnetically inequivalent, so there is no evolution due to the chemical shift terms, as shown by eq 1. Equation 2 describes the evolution of ZQ x when two magnetically inequivalent nuclei are coupled to a single third nucleus. The presence of two equatorial 31 P nuclei (T and R)i n2 can therefore be analyzed by the application of eq 2 twice in succession (once for the coupling to T and once for the coupling to R, where R replaces T in eq 2) leading to an effective oscillation frequency of ΔJ and peaks in the 2D 1 H pump−probe spectrum at +ΔJ and −ΔJ (Figure 8a ). Although this approach does not take into account the effect of the strong coupling of the AA′XX′ system, it is sufficient to provide an intuitive understanding of the peaks in the 2D 1 H pump−probe spectrum. In contrast, inclusion of strong coupling is required to explain the observed hyperpolarization of the equatorial 31 P nuclei in Figure 8b . The 1 H− 31 P coupled state generated by eq 2, 2ZQ y T z , does not yield any observable single-quantum states following the application of an rf pulse on the phosphorus channel. Therefore, magnetic states of this type cannot account for the observed 31 P hyperpolarization in the 2D 31 P pump−probe spectrum in Figure 8b . However, in the strong coupling regime the coupled state, 2ZQ y T z , will evolve into 2(I z − S z )T z under the influence of the nonsecular part of the IS xx yy (4) It is this 2(I z − S z )T z state that gives rise to the 31 P NMR signals observed following the application of an rf pulse to the phosphorus channel in the 2D 31 P pump−probe spectrum in Figure 8b . While transfer from para-H 2 -derived 1 H nuclei to a heteronucleus has been achieved previously in combination with rf irradiation 63 or in the low-field regime, 64, 65 this is an example of spontaneous transfer of para-H 2 hyperpolarization to a heteronucleus in the high field regime.
CONCLUSION
In this paper, we have demonstrated that NMR spectroscopy can be used in a laser pump−NMR probe mode to access microsecond to millisecond time scale events in an approach analogous to other laser based time-resolved spectroscopies. Our measurements were made possible by combining lasersynchronized chemical initiation with para-H 2 hyperpolarization. Crucially, in the pumping stage of the experiment, x−y coherence is created through a chemical reaction that proceeds on a microsecond time scale. This x−y coherence responds to the molecular environment as manifested in both the 1D spectra and the oscillatory evolution of the spectra as a function of the pump−probe delay. This chemically generated coherence contrasts with the normal situation for NMR spectroscopy where x−y coherences are the direct result of a radio frequency pulse. Furthermore, this method differs significantly from traditional para-H 2 methods of PASADENA and ALTADENA, which lack a synchronous initiation step and hence only yield time-averaged magnetic states prior to rf excitation. 44 For example, when transition metal complexes are examined, the oscillations of the zero quantum coherence are obscured because of the asynchronous H 2 cycling (multiple H 2 addition and elimination). Similarly, multiple asynchronous catalytic steps normally cause time-averaging in instances where hydrogenation products are formed irreversibly.
In the two cases illustrated here, Ru(PPh 3 ) 3 (CO)(H) 2 (1) and cis-Ru(dppe) 2 (H) 2 (2), the signals oscillate for different reasons. In the case of 1, it is the creation of two chemically inequivalent hydrides that leads to an oscillation of frequency, 1101 ± 3 Hz corresponding to their chemical shift difference. For 2, however, it is magnetic inequivalence that results in a smaller oscillation frequency of 83 ± 5 Hz corresponding to a difference in spin−spin coupling, |J(PH) trans − J(PH) cis |. This approach therefore readily differentiates the spin topology of the product and is applicable to compounds with either chemical inequivalence or magnetic inequivalence via differJournal of the American Chemical Society ences in J-coupling. We have also demonstrated that we can monitor changes in the spectra observed with successive pump−probe delays differing from one another by 10 μs. The rise time of the oscillations sets an upper limit for the formation of the product that is measured as 70 μs in the case of 1. The time scale of our experiments is defined by the frequency difference between the two hydride resonances in the case of 1 and by the difference in spin−spin coupling in the case of 2.
The sensitivity of the method is illustrated by single scans w i t hs i g n a l -t o -n o i s er a t i o sa sh i g ha s7 5 0 : 1t h a td e t e c t nanomole amounts of product. The potential of this method as a diagnostic probe for photoinduced reactions is further demonstrated by chemical-shift imaging combined with laser irradiation that can differentiate thermal and photochemical reactivity in situ within the time frame of the experiment.
We are currently working to develop a full theoretical framework and optimize the experimental parameters so as to extend the method to other types of reaction products that have been observed with para-H 2 hyperpolarization. 28 In the future, we seek to exploit its remarkable potential to quantify chemical kinetics on a microsecond time scale while simultaneously benefiting from the structural information provided by NMR detection. In principle, any system that can be initiated synchronously and sensitized with para-H 2 could be followed using our method. Another potential application of this technique is as a test-bed for NMR pulse sequences designed to manipulate long-lived singlet states.
EXPERIMENTAL SECTION
All NMR spectra were recorded on a Bruker Avance widebore 600 MHz spectrometer fitted with a BBO probe. Laser photolysis was carried out with a pulsed Nd:YAG laser (Continuum Surelite II) fitted with a frequency tripling crystal (output 355 nm). Operating conditions were typically: 10 Hz repetition rate, flash lamp voltage 1.49 kV, and Q-switch delay increased from the standard to 320 ms yielding a laser power of 85 mW. The unfocused laser beam is directed at the base of the spectrometer and reflected up into the probe via a mirror (Figure 2a) . Adjustment screws control the vertical and horizontal position of the mirror, which is on a kinematic mount. The system is fully shielded from the operator, and the screws of the kinematic mount can be adjusted from outside the shield. The laser radiation is incident on a fixed mirror that is level with the sample and passes through a hole in the probe onto the NMR tube. Standard NMR tubes fitted with Young's taps were used. The samples contained 1−2 mg of compound and approximately 0.4 mL of solvent. A sample of 2 in C 6 D 6 was used for laser alignment with para-H 2 amplification in real time.
Standard NMR pulse sequences were modified for use with para-H 2 by including a synchronized laser initiation sequence prior to NMR excitation (Figure 2b) . A purpose-written program was used to control the laser firing from the NMR console with the laser set on external triggering. The fire signals are sent to the laser via a BNC cable. The program sets the laser to fire three warm-up shots before opening the shutter for the fire signal. The NMR pulse is initiated at a set delay time (τ) following the fire signal. The intrinsic time delay between sending the fire signal from the spectrometer and the actual firing of the laser pulse was measured with a photodiode and an oscilloscope to be 140 μs. This signal delay was incorporated into the pulse sequence such that synchronized measurements with a time delay, τ, were achieved by setting the spectrometer delay to τ + 140 μs. The precision of this delay between the laser and rf pulses is controlled by the 200 ns clock of the spectrometer. Two-dimensional pump−probe NMR experiments were carried out by acquiring a series of 1D spectra in which the delay between the laser pulse and the rf excitation, τ, was incremented in the usual way to assemble a 2D data set. This 2D data set was subsequently Fourier transformed under magnitude mode to generate 2D spectra such as those presented in Figures 6c and 8 .
Chemical-shift imaging (CSI) was used to correlate the vertical position within the sample tube to chemical shift ( Figure 5 ). The CSI method used here employs an incremented magnetic field gradient along the z-axis to encode spatial information into the phase of the detected signals. Subsequent Fourier transformation of the 2D data set gives a chemical shift spectrum in the directly observed dimension (F2) and position in the indirect evolution dimension (F1). The pulse sequence used for chemical-shift imaging is shown in the Supporting Information ( Figure S3 ). The maximum gradient strength used is dependent on the number of increments and the length and shape of the gradient pulse. For the 1 H experiments, we used 1 ms half-sine gradient pulses, with maximum strength of 5.99 G/cm, and 64 data points in the second dimension. This corresponds to a field of view of 2 cm ( Figure S6, Supporting Information) . A two-step phase cycle of the 180°pulse was used to remove artifacts in the image. 
